Introduction
The ability of invading pathogens to alter their physiology and virulence properties to tolerate, cope with and exploit conditions in different host tissues is a crucial feature in any infection. Most pathogens alternate between environmental reservoirs (surrounding biosphere or vector reservoirs) and their mammalian hosts and are confronted by a global change of surrounding parameters. Subsequently, they encounter a rapidly changing spectrum of environments during their migration through different host tissues and/or body fluids. Furthermore, the infected niches inside the host become progressively altered through the combined effects of bacterial colonization and host responses.
It has become evident that pathogens evolved sophisticated perception and signal transduction systems to sense crucial parameters of their environments (e.g. enterocolitica, causes a number of gut-associated diseases, such as enteritis, colitis and mesenteric lymphadenitis, commonly called yersiniosis. All three pathogenic Yersinia species are zoonotic pathogens which are well-adapted for survival in external environments and persistence in various host animals. Y. pestis resides within the lymphatic system of many rodents and is transmitted to other mammals by fleas or direct contact. Both enteropathogenic Yersinia species were isolated from soil, ground water, animals (e.g. boars, deer, pigs), plants (e.g. carrots, salad) and insects. They are mainly taken up by humans through consumption of contaminated food, in particular raw or undercooked pork [1] [2] [3] [4] .
Upon oral uptake, Y. enterocolitica and Y. pseudotuberculosis first encounter the intestinal mucosa and initiate the infection by binding and invasion of M cells located in the intestinal epithelium (early stage of infection). After transmigration through the epithelial layer the bacteria reach the underlying lymphatic tissues (Peyer's patches) where they multiply rapidly outside host cells and lead to the formation of microabscesses [5] [6] [7] . Following Peyer's patch colonization the bacteria disseminate into mesenteric lymph nodes, liver and spleen (later stages of the infection) [8] [9] [10] . In order to promote the first colonization steps, enteropathogenic yersiniae express a set of virulence determinants, including the invasion factor invasin (InvA). This outer membrane protein mediates tight attachment and internalization of the bacteria into M cells 11, 12 . Expression of invA and other early phase virulence genes is controlled by the dimeric MarR-type regulator of virulence RovA. The rovA gene is maximally induced at moderate temperature during stationary phase, i.e. conditions found during the free-living and food-associated life-style. Expression of RovA-dependent virulence traits in environments encountered just before and during the early stage of infection is believed to guarantee rapid and efficient colonization of the intestinal tract shortly after ingestion 13, 14 . During the ongoing infection, synthesis of this class of virulence factors is reduced, whereas synthesis of another set of pathogenicity factors is activated. This set includes the virulence plasmid-encoded type III secretion system (T3SS), the Yop effectors, and the adhesin YadA, which mediate dissemination into deeper tissues and resistance against the innate immune system 3, [15] [16] [17] .
Several studies over the last few years revealed that small regulatory RNAs .
General principles and Yersinia-specific features of the Csr system
The first Csr-type regulatory system was identified in Escherichia coli, but since its discovery in 1993, homologous systems have been found in many other bacterial species 22, 23 . Similar to E. coli and SalmonelIa enterica serovar Typhimurium, the Yersinia Csr system is composed of a dimeric RNA-binding protein CsrA and two independent small non-coding RNAs, named CsrB and CsrC (Fig. 1) .
Up to date, 1257 genes encoding proteins of the CsrA/RsmA family have been identified in bacterial genomes. The CsrA proteins are highly conserved, but this class of regulators was not detected in eukaryotes and archaea 23, 24 . The Yersinia CsrA protein is most closely related to RsmA of the plant pathogen Erwinia carotovora (98% amino acid identity) and differs only slightly from the CsrA proteins of other Enterobacteriaceae in the C-terminal part of the protein (95% identity) (Fig.   2) . CsrA of Vibrio cholerae, Legionella pneumophila, Borrelia burgdorferi and both
CsrA-type proteins of Pseudomonas aeruginosa (RsmA, RsmE), exhibit a lower amino acid identity (<88%). The Borrelia CsrA protein shows the lowest homology with CsrA of E. coli, yet it was able to fulfill the same function -it repressed glycogen production in E. coli 25 . CsrA/RsmA family proteins consist of five β-strands followed by an α-helix. Interdigitation of the β-strands leads to the formation of CsrA dimers that are stabilized by a hydrophobic core and extensive hydrogen bonds [26] [27] [28] . Amino acids implicated in RNA-binding are located on the β1 and β5 strands. Specific residues (e.g. Arg
7
, Arg 44 and Ile 47 of E. coli CsrA) of both β strands and the domain fold itself determine RNA-binding specificity 29 .
The CsrA proteins affect translation and/or the stability of target mRNAs [30] [31] [32] [33] [34] [35] .
Studies on E. coli CsrA demonstrated that the regulator interacts generally with GGAmotifs in the 5'-UTR of target transcripts, whereby the number of the binding sites varies among the CsrA targets 31, [36] [37] [38] [39] [40] . A substitution analysis of a SELEX (systematic evolution of ligands by the exponential enrichment)-derived target revealed a high-affinity consensus sequence for CsrA-binding: RUACARGGAUGU.
The GGA and the ACA motifs (underlined) were completely conserved and GU residues (bold) were present in all but one of the selected ligands 41 . Several GGA sequences are located within loops of short hairpin structures, which are beneficial but not essential for CsrA-binding, or in single-stranded sequences of unstructured RNA overlapping or adjacent to the Shine-Dalgarno (SD) sequence 28, 41 . 
Pleiotropic effects of the Csr system in Yersinia and other pathogens
First from work on E. coli, but soon also from following studies on other bacteria, it became apparent that the Csr system controls a multitude of different physiological as well as stress-and virulence-associated processes within the bacterial cell 
Growth and Cell Shape
There is strong evidence that growth and cell shape are affected by the Csr system, although the overall outcome seems to vary significantly between the different bac- . In fact, CsrA seems to be essential for L. pneumophila as only conditional knock-out mutants could be constructed -emphasizing the importance of this regulator for the overall fitness of this intracellular pathogen 64 .
Conditional essentiality has been reported for the csrA gene of E. coli. CsrA was shown to be required for growth on LB and on synthetic media with glycolytic carbon sources, due to an excess of glycogen accumulation in absence of csrA, but it is not necessary for growth on synthetic media containing pyruvate 65 . In contrast, loss of csrA/rsmA had no or only a minor effect on growth of P. aeruginosa 53, 66 .
Motility
Another striking phenotype of a Yersinia csrA mutant is that they are aflagellated and non-motile ( FliA and the flagellar subunit FlaA are produced when CsrA production is enhanced 64, 69 .
Metabolism
The CsrA protein was first identified in E. coli as a regulator that negatively affects glycogen biosynthesis and gluconeogenesis 22, 36 . CsrA also inhibits glycogen synthesis in Yersinia ( Fig. 3B ; K Böhme, M Palela, unpublished results), but it does not influence this metabolic process in S. typhimurium 62 . However, CsrA controls expression of multiple genes involved in other metabolic processes of S.
typhimurium, which are beneficial for the pathogen within the intestinal tract. This includes genes responsible for the utilization of 1,2 propanediol and ethanolamine, synthesis of vitamin B 12 as well as transport and metabolism of maltose/maltodextrins 62, 70 . Noteworthy, also the CsrA homologue RsmA of P. aeruginosa was found to control multiple functions of the primary metabolism. Transcriptome analyses revealed that RsmA represses genes of the fatty acid and phospholipid metabolism.
Furthermore, RsmA induces genes responsible for the uptake and utilization of certain sugars, and it regulates genes of iron storage and acquisition processes which seem to enable the bacteria to colonize new niches in the human lung 53, 61 . A broad impact of the Csr system on the overall metabolism was also observed in Yersinia; about 20% of the CsrA-dependent genes are involved in metabolic processes ( Fig. 3A ; AK Heroven unpublished results). Global influence is partly achieved through the influence of the Csr system on global regulatory factors. In
Pseudomonas, RsmA was found to activate expression of vfr, a homologue of the cAMP-recognizing protein Crp, and in E. coli, CsrA was shown to reduce the stability of the relA transcript leading to the repression of (p)ppGpp synthesis involved in the stringent response 53, 63 .
In summary, global impact of the Csr system on the primary metabolism of pathogens illustrates that this regulatory complex fulfills a pivotal function adjusting metabolic functions in response to rapidly changing nutrient conditions during the course of an infection.
Stress responses
The control of stress responses by the Csr system is also common among pathogens. Drastic physiological, morphological and metabolic alterations observed in the absence of CsrA are often accompanied by changes in the expression of genes which play a key role in the general stress response (heat and cold shock, acidic resistance and periplasmic stress) and specific stresses (iron starvation) 53, 62 .
The Csr-dependent stress functions vary significantly among the different bacteria and seem to form a tailor-made set of anti-stress strategies important for the adaptation of the individual microorganism to the distinct niches in their hosts. For example, in L. pneumophila, inhibition of CsrA function is important to adapt the bacteria to environmental stresses (osmotic, temperature and UV light) encountered during the transition from the intracellular replication phase inside macrophages to the transmissive phase 64 . CsrA-dependent stress responses of Helicobacter pylori include expression of genes required to cope with acid stresses (urease operon), oxidative and heat stresses as well as iron starvation (fur). These physiological traits are important for the survival of Helicobacter in the stomach 71 . In B. burgdorferi as well as in Pseudomonas a general stress response regulator, the sigma factor RpoS (σ s ) was found to be part of the CsrA/RsmA regulon, indicating that the Csr/Rsm system plays an important role for the adaptation of the pathogens to persist in nutrient-poor environments 72, 73 . Absence of the csrA gene also affects expression of multiple stress resistance genes in Y. pseudotuberculosis (Fig. 3A , AK Heroven, unpublished results). This suggests that the Csr system is also important for the adaptation of this pathogen to hostile conditions experienced during the infection.
Biofilm formation
Another strategy that is essential for the persistence and resistance against hostinduced stresses and defense mechanisms is the formation of matrix-enclosed aggregates of bacterial communities, called biofilms. The components of the Csr system influence the establishment of biofilms in many pathogens. In S. typhimurium, expression of type I fimbriae which contribute to the development of biofilms, is repressed in a csrBC mutant strain 74 . Furthermore, CsrA was found to inhibit the synthesis of eight GGDEF and EAL-domain proteins by binding to the leader sequences of their transcripts. These proteins act as cyclases or phosphodiesterases which reversely regulate the level of the bacterial secondary messenger cyclic di-GMP and control transition from motility to sessility (biofilm formation) 67 . CsrA also serves as a repressor of biofilm formation in E. coli and P. aeruginosa. In E. coli,
CsrA inhibits translation of the pgaABCD transcript encoding the adhesin PGA (poly-β-1,6-N-acetyl-D-glucosamine) which is required for cell attachment during the early stages of biofilm development 31, 75 . Furthermore, global regulation of the central carbon flux by CsrA is an important feature of E. coli biofilm development 76 . In P.
aeruginosa, RsmA blocks translation of the psl mRNA, encoding a major structural component (Psl) of the biofilm matrix, and induces swarming motility 77, 54 . In contrast to previous pathogens, CsrA activates biofilm formation in V. cholerae. In this enteric pathogen, the Csr system converges with the V. cholerae quorum-sensing systems, which control the formation of biofilms in response to changes in cell density through four redundant quorum regulatory RNAs (Qrr) and the master regulator HapR 51, 78 .
Whether the Csr system of Yersinia affects biofilm formation remains to be shown.
However, previous results demonstrating a CsrA-mediated activation of flhDC
, and the observation that induction of FlhDC synthesis induced Yersinia biofilm formation on nematodes 79 , predict an interconnection.
In summary, the Csr-type regulatory systems of Yersinia and all other characterized pathogens constitute important post-transcriptional control mechanisms of a large variety of metabolic activities, stress responses and physiological processes which are pivotal to the overall biological fitness of plant and animal pathogens.
Interestingly, although similar cellular functions (e.g. motility, stress resistance, biofilm formation) are controlled by these highly redundant Csr-type regulatory systems, the overall outcome seems to vary significantly between the different bacterial species.
Autoregulation and environmental control of the Csr systems
Analysis of the Yersinia Csr system revealed that CsrA, CsrB and CsrC are tightly interconnected by autoregulatory feedback loops controlling the expression, stability and/or activity of the individual system components. For instance, upregulation of CsrB represses CsrC synthesis and vice versa 21 . Absence of one Csr-RNA might in-crease the availability and sequestration of CsrA by the other Csr-RNA, which could enhance its stability. In fact, CsrA was found to be absolutely required for the presence of CsrB and CsrC 21 , and recent data of our group demonstrated that both RNAs are rapidly degraded in the absence of CsrA (K Böhme, unpublished results).
Interdependency of the Csr components seems to be evolutionarily conserved (Fig.   4) . For instance, RsmA of E. carotovora and RsmA and RsmE of P. fluorescens protect the associated Csr-RNAs from degradation [80] [81] [82] . In S. typhimurium CsrA was reported to increase the stability of CsrC, but not of CsrB 57 , whereas in E. coli CsrA did no significantly affect the turnover of both, the CsrB and the CsrC RNA 58, 83 . However, another study described that the membrane-bound GGDEF-EAL domain protein CsrD (YhdA) of E. coli, which is negatively regulated by CsrA, interacts with both Csr-RNAs and converts them into substrates for RNase E 39, 84, 85 . This implies a
CsrA-mediated stabilization of the CsrB and CsrC RNAs through repression of CsrD (Fig. 4) . Apart from this autoregulatory circuit, CsrA was shown to activate csrB transcription in E. coli. CsrA-mediated induction of csrB expression occurs through
SdiA and the response regulator UvrY 86, 87 (Fig. 4, see also below) .
In E. coli, CsrA was also shown to regulate its own synthesis. were found in cells growing in nutrient-rich/complex media whereas csrC expression was strongly repressed in minimal media 21 . The media component(s) and the signal transduction mechanism(s) controlling CsrC levels are still unknown (Fig. 4) .
Similarly, expression of the Csr-RNAs in E. coli depends on the growth medium.
However, in contrast to Yersinia, CsrB and CsrC synthesis is highly upregulated during growth in nutrient-poor media and repressed in the presence of amino acids 89 . In comparison to CsrC, CsrB levels of Y. pseudotuberculosis were found to be very low throughout growth in LB medium and under all other tested in vitro conditions. Regulatory studies investigating the role of the two-component system (TCS) BarA/UvrY in the control of the Yersinia Csr system, revealed that expression of the Yersinia BarA/UvrY system is also very low under standard in vitro conditions, but artificial overexpression of UvrY leads to a strong induction of csrB expression 21 .
The BarA/UvrY TCS is frequently used by pathogens to sense external signals to adapt bacterial fitness and virulence to changing environmental conditions. Notably, orthologues of this TCS were found to activate transcription of all Csr-like sRNAs in the pathogens summarized in Fig. 4 (Fig. 4) . (Fig. 4) .
Furthermore, the general stress regulator RpoS was found to activate csrA transcription in E. coli, e. g. during growth in synthetic medium containing glucose as single carbon source, but not in rich medium 88, 101 . Similarly, RpoS was found to act as an indirect activator of rsmA expression in E. carotovora 102 , whereas quorum sensing molecules seem to inhibit RsmA synthesis 68 . Furthermore, csrA transcription in L. pneumophila is activated by the response regulator PmrA which controls expression of the Legionella effector genes 103 (Fig. 4) A comparison of the Csr/Rsm system of the different pathogens illustrates that the Yersinia Csr system has many conserved but also distinct properties (Fig. 4) 
Impact of the Csr system of Yersinia and other pathogens on virulence
One important feature for a successful bacterial infection is the expression of multiple virulence determinants, such as cell adhesion and invasion factors, exo-and cytotoxins as well as host defense factors by the pathogen. These factors promote efficient colonization, dissemination to deeper tissues and long-term persistence within hosts. Recent work demonstrated that the Csr/Rsm system plays a central role coordinating the synthesis of these virulence functions with virulence-related physiological traits described above 49 .
In Y. pseudotuberculosis, the Csr system seems to control switching between different infection phases. Expression of the Csr-RNAs is crucial for the initial phase of the infection as it allows efficient production of the primary cell adhesion and invasion Transcriptional profiling further revealed that CsrA manipulates the expression of many other colonization factors (Fig. 3A, . In addition, RsmA regulates the expression of the Pseudomonas T3SS and secreted effectors (e. g. exoenzymes S and Y), which affect expression of host proteins (Kruppel-like factors 2 and 6), actin depolymerisation and cell viability of airway epithelial cells 61, 116, 117 . Furthermore, the Rsm system controls the synthesis of components of the type 6 secretion system (T6SS), which is closely associated with the chronic infection phase of P. aeruginosa 61 .
Finally, evidence exists that the Csr/Rsm system affects the pathogenicity of animal and plant pathogens that enter their hosts through external surfaces (skin, leaves). A recent study showed that CsrA modulates virulence of B. burgdorferi, a spirochete that is found in ticks and causes Lyme disease. CsrA was found to be important for the colonization of mice following intradermal infection, most likely because the borrelial CsrA protein plays a key role in the regulation of crucial pathophysiological determinants, including the outer surface protein OspC, the decorin binding protein DbpA, and the fibronectin binding protein BBK32 73 . Several studies have also shown that the regulatory protein RsmA controls the pathogenicity in soft-rotting Erwinia species. In E. carotovora, RsmA suppresses the tissue macerating ability by repressing the production of glycolytic and proteolytic exoproteins, such as the pectate lyase, polygalactonurase, cellulase and proteases, whereas in E. amylovora RsmA inhibits the elicitation of the hypersensitive reaction in tobacco leaves and the production of disease symptoms in apple shoots 118, 119 .
In summary, manipulation of the Csr system in infectious bacteria clearly demonstrated its importance for the pathogenicity of human, animal and plant pathogens.
Loss of the conserved CsrA/RsmA protein can lead to a strong attenuation or a complete loss of virulence and/or it can change the course and character of an infection process. This is caused by a strong deregulation of a varying set of crucial virulence factors (e.g. secretion systems/translocated effectors, secreted virulence determinants) important for colonization or long-term persistence.
Concluding remarks
The Fig. 4 
